We h a v e measured the cross-section of the production of single photon events in e + e collisions near the Z 0 resonance. For an integrated luminosity of 9.6 pb 1 ,we h a v e observed 202 single photon candidates with energy between 0.9 and 3.5 GeV in the polar angular region between 45 and 135 . Assuming that the only stable weakly interacting particles are light neutrinos with standard model couplings, we determine the number of light neutrino species to be N = 3 : 14 0:24 (stat) 0:12 (sys). This corresponds to an invisible Z 0 width of inv = 524 40 20 MeV.
Introduction
The number of fermion generations, which can be determined from the number of light neutrinos, is among the important questions in the Standard Model. In the Standard Model the decay width of the Z 0 into each neutrino family is calculated to be = 166:81:5 M e V where the uncertainty corresponds to a variation of the top mass between 90 and 250 GeV [1, 2] . Additional generations or other new weakly interacting particles with masses below M Z /2, would lead to a decay width of the Z 0 into invisible channels larger than the Standard Model prediction for three families while a smaller value could be produced, for example, by the presence of one or more right-handed neutrinos mixed with the left-handed ones [3] . Thus the number of light neutrino generations N , dened as the ratio between the measured invisible decay width of the Z 0 , inv , and the Standard Model expectation for each neutrino family, need not to be an integer number and has to be measured with the highest possible accuracy.
An indirect determination of N has been made at LEP through the analysis of the Z 0 lineshape, subtracting from the total width the visible partial ones. The latest result obtained by L3 in this approach i s N = 3 : 05 0:10 [4] where the errors come mainly from the uncertainty in the luminosity measurement and the selection of the charged leptonic and hadronic nal states.
A direct method for measuring the Z 0 width into neutrinos, and thus for counting the number of light neutrino types, is based on the measurement of the cross-section for the radiative process e + e ! [5] . The signature of such e v ents is a single photon arising from initial state radiation. The diagrams which contribute to this process at tree level are shown in gure 1.
Near the Z 0 resonance, the square of the s-channel Z 0 exchange terms (g 1a,1b), summed over all the neutrino types, gives the main contribution to the cross-section and is proportional to N . In the energy range scanned by LEP around the Z 0 peak, the square of the t-channel W exchange terms (g 1c-e) and their interference with the Z 0 terms contributes less than 3% to the total cross-section for three neutrino species. The contribution of these terms is independent o f N because they give rise only to e e pairs.
The dierential cross-section can be written as:
where H is a radiator function describing the initial state radiation of a photon of energy E at an angle with respect to the beam axis, s is the square of the center of mass energy, and 0 (s 0 ) is the cross-section for the process e + e ! , at the "reduced" center of mass energy given by s 0 = s(1 2E = p s).
The measurement is optimally carried out at energies at least 3 GeV a b o v e the Z 0 mass where the ratio between the signal and QED background processes is maximal and the full width of the Z 0 resonance is exploited [1, 6] . However, the LEP line-shape scanning at the Z 0 resonance [7] has resulted in less favourable conditions for our measurements, requiring a trigger ecient for low energy photons (E > 1 G e V). Around the Z 0 pole, photons from e + e ! have l o w energies with a rapidly falling spectrum. The L3 electromagnetic calorimeter is well suited for the detection of such photons, providing an energy resolution better than 1.5% for E > 2 G e V in combination with an uncertainty on the absolute energy scale smaller than 4 MeV.
A rst measurement of the cross-section based on data taken at LEP in 1990 has been already published by O P AL [8] and L3 [9] collaborations. In this paper, we present results from data taken in 1991 at center of mass energies between 88.6 and 93.8 GeV with a corresponding integrated luminosity of 9.6 pb 1 . With respect to the analysis of the 1990 data, we h a v e the benet of three major improvements:
1. an increased integrated luminosity: from 2.9 to 9.6 pb 1 2. a lower trigger threshold: from 1.5 to 0.9 GeV 3. a dedicated trigger on isolated electrons from e + e !e + e providing a measurement of the single photon trigger eciency 2 The L3 detector
The L3 detector at LEP covers 99% of the full solid angle. It is designed to measure energy and position of leptons and photons with high precision. A detailed description of the detector and its performance can be found elsewhere [10] and here we only outline the features which are relevant to the present analysis.
The detector consists of a time expansion chamber (TEC) for the tracking and vertex reconstruction of charged particles, a high resolution electromagnetic calorimeter made of about 11000 bismuth germanium oxide (BGO) crystals, a hadron calorimeter (HCAL) with uranium absorber and brass proportional wire chambers and a high precision muon spectrometer, consisting of three layers of multi-wire drift chambers, which measures the muon trajectory 56 times in the bending plane (by the P-chambers) and 8 times in the non-bending direction (by the Z-chambers). A cylindrical array of 30 scintillation counters is installed in the barrel region between the BGO and the HCAL. All these detectors are inside a 12 m inner diameter solenoidal magnet which provides a uniform magnetic eld of 0.5 T along the beam direction.
The polar angle acceptance of the BGO barrel extends from 42:3 to 137:7 and is fully covered by the TEC. The BGO endcaps cover from 11:4 to 35:2 and from 144:8 to 168:6 , the HCAL from 6 to 174 and the muon spectrometer from 36 to 144 .
The minimum angle at which particles can be detected, critical to the suppression of QED background, is dened by the luminosity monitors. They consist of two electromagnetic calorimeters and two sets of proportional wire chambers, situated symmetrically on either side of the interaction point. Each calorimeter is a nely segmented and azimuthally symmetric array of 304 BGO crystals covering the polar angular range 24:93 < < 69:94 mrad. The energy resolution of the calorimeters is about 2% at 45 GeV, and the position resolution is 0.4 mrad in and 8.7 mrad in .
Apart from the region below the minimum detection angle, there is a region (hole) about 2 wide in between the luminosity monitors and the hadron calorimeter endcaps which is not covered by a n y detector. There is thus additional background from radiative Bhabha events when one of the particles escapes undetected through this hole. Moreover up to about 9 the eciency of the hadron calorimeter, for electrons and photons, is very poor because of two small lead rings installed in front of it in July 1991 to shield our tracking chamber from the beam halo.
The response of the L3 detector is modelled using the GEANT3 [11] detector simulation program which includes the eects of energy loss, multiple scattering and showering in the detector materials and in the beam pipe. Hadronic showers in the calorimeters are simulated with the GHEISHA [12] program. For each of the physical processes studied below, Monte Carlo events are passed through the detector simulation program and are reconstructed by the same program used to reconstruct the real ones.
Single Photon Trigger
The single photon trigger is entirely based on the BGO barrel. Each crystal has a separate output used for rst level trigger purposes while the full digitized event i s a v ailable to the third level trigger.
These outputs are summed in trigger segments of 30 crystals each, with a granularity of 32 segments in a n d 8 i n . These 256 sums are digitised by the trigger FERA (Fast Encoding Readout ADC) and sent to the rst level energy trigger processors which add the trigger signals at constant and at constant to obtain 32 sums and 8 sums respectively [13] . In order to suppress the contribution from coherent noise, the calculation includes only trigger segments above a 900 MeV threshold (called bias in the following).
The rst level single photon trigger requires the following conditions: max and max > 900 MeV max and max > 0:8 tot where max and max are respectively the largest and energy sum and tot is the total energy seen by the trigger in the BGO barrel. In 1991, the rst level single photon trigger rate was about 1 Hz, mainly due to electronic noise.
The second level trigger does not apply any rejection for this channel, while the third level trigger requires a cluster in the BGO barrel with energy greater than 500 MeV shared by more than 2 and less than 80 crystals. The typical output rate on tape under these trigger conditions was about 0.01 Hz. The third level trigger eciency in the acceptance region exceeds 99.9% for photons above 900 MeV apart from geometrical ineciency due to dead crystals. This is taken into account in the determination of the event selection eciency.
We measure the single photon trigger eciency in two w a ys.
In the rst, we use a sample of radiative Bhabha events with an isolated electron in the BGO barrel. These events are collected under an independent trigger which requires a coincidence between a cluster in one of the luminosity monitors and a large angle track in the vertex chamber. The single photon trigger eciency is then measured by checking whether or not this trigger is also activated. The dark circles in gure 2 plot the eciency found as a function of the photon energy. The slight dip at 2 GeV is due to 15% of segments which h a v e a 2 G e V bias. The errors represent 68% C.L. intervals using binomial statistics.
The single electron sample is also useful for checking the Monte Carlo program TEEG [14] which w e use to estimate the dominant QED background e + e when only the photon is observed in the detector.
The second way is based on a Monte Carlo simulation of the trigger algorithm obtained by superimposing generated single photon on randomly triggered beam gate events. Thus the actual electronic noise of the trigger channels as well as the FERA energy resolution and pedestals uctuations are taken into account.
The trigger eciency curve from the Monte Carlo simulation is also shown in gure 2. The errors correspond to the uncertainties in the model used to compute the eciency. They include the statistical errors on the FERA resolution and the systematic error in the knowledge of the shower development in the BGO. The trigger eciencies above 900 MeV, a v eraged over the photon spectra at dierent c.m. energies, range from 59% at the Z 0 peak to 72% at 3 GeV a b o v e the peak.
In the following analysis we use the eciency curve computed from the Monte Carlo. We estimate a systematic error of 1.3% on the determination of the trigger eciency by varying the simulated curve within the experimental point errors.
Event selection
The selection of the Z 0 ! candidates aims at identifying events with a) a neutral electromagnetic energy deposit in the BGO and b) no other activity in the detector apart from what is consistent with noise.
The main sources of background are single photon events from QED processes in which all other nal-state particles, mainly produced at small polar angles, escape detection.
Among these reactions, the dominant ones are radiative Bhabha scattering e + e !e + e , t w o-photon processes e + e !e + e X, where X is a 0 ; ; 0 , a 2 , f o r l + l and the process e + e ! [1, 9] .
We require: a1) An energy deposit in the BGO greater than 900 MeV, at a polar angle between 45 and 135 , shared between 3 or more crystals.
a2) The lateral shape of the energy deposit to be consistent with the one expected from a single electromagnetic particle coming from the interaction point. b1) No other deposited energy greater than 100 MeV with 3 or more crystals in the BGO barrel or endcaps. b2) No charged tracks found in the TEC. b3) Less than 1 GeV deposited in either luminosity monitor. b4) Less than 3 GeV deposited in the HCAL. b5) No tracks or segments of track seen in the muon spectrometer and no match found between the muon Z-chambers hits and the BGO energy deposit.
Cut a1) denes our acceptance region for the events and cut a2) ensures that the energy deposit is electromagnetic. Cut b1) reduces the contamination from two-photon production of resonances decaying in two or more photons, cut b2) removes the single electron contamination and beam-gas or beam-wall events, cuts b3) and b4) (in the regions not covered by the BGO) reduce the e + e background.
Cuts a2), b1), b2), b4) and b5) remove the contamination from the bremsstrahlung of cosmic rays nearly in time with the beam crossing. Due to the long integration time of the BGO (8 s starting at 2.8 s before the beam crossing), an out of time cosmic emitting a hard photon bremsstrahlung, when only the BGO is active, can simulate a single photon event. To e v aluate a possible cosmic contamination from this source, we carried out an independent selection of cosmic ray e v ents and then measured the eect of veto cuts a2) and b1) on this sample. The independent selection is based on the BGO segment signals which are used for level 1 triggering. Here we take advantage of the fact that the segment signal is sampled in a gate of 2 s c hosen so that if the event is in time the trigger will measure the same energy as the digital readout which is reconstructed oine. Thus the ratio between these two v alues gives an indication of how m uch out of time the event w as. No events on this sample survive all the selection cuts and we estimate the contamination from out of time cosmic rays to be less than 3 events at 95% C.L.
After applying all our selection cuts we obtain a sample of 291 single photon candidates.
The eciency of the selection cuts a1) and a2) computed from Monte Carlo and checked with the single electron sample is 0.92 while the eciency of the veto cuts b1) to b5) is 0.95. The latter was measured by using randomly triggered beam gate events to study the eects of detector noise and also Monte Carlo events to estimate photon conversion, double initial state radiation and shower leakage from the BGO into the E cm (GeV) L ( n b 1 )N observed N expected N e + e expected N other back: Table 1 : Luminosity, observed and expected number of events in the energy range 0:9 <E < 3:5 G e V and for a polar angle between 45 and 135 . The last column shows the corrected cross-section for e + e ! at each center of mass energy.
HCAL. The total eciency, which includes the trigger eciency values given in section 3, ranges from 0.55 to 0.63 as a function of the center of mass energy.
The energy spectrum of the single photon candidates is shown in gure 4 together with the Monte Carlo prediction for the signal expected from 3 light neutrino families and the backgrounds. The main background contribution is due to the e + e channel, when both electron and positron escape through the beam pipe (E < 1:5 G e V ) o r o n e of the two goes undetected inside the hole or lead ring region just outside the luminosity monitors (3:0 <E < 7:0 G e V) while the other stays in the beam pipe. It accounts for 94 events. As a check of the e + e contamination, we h a v e also compared the number of single-tag single events. We found 97 events in the data while TEEG program predicts 73 events. This dierence has been taken into account in our systematical error.
Other sources of smaller backgrounds are two-photon production of resonances, and nal states. We estimate the sum of these backgrounds to be 15 events. Backgrounds from e + e ! e + e e + e and e + e ! e + e + are found to be negligible.
Results
The number of neutrino species is extracted from the number of candidates in the energy range 0:9 <E < 3:5 G e V where the signal to background ratio is favourable.
For this energy range, table 1 shows the luminosity, the number of candidates and the expectation for 3 neutrino families computed with the Monte Carlo program NNGSTR [15] . Also shown are the expected background from radiative Bhabha events and the total expected background from the other reactions (two-photon processes, e + e ! and e + e ! + ).
The last column of table 1 shows the measured cross-sections corrected for acceptance and detector eciency for the process e + e ! , when one photon with energy above 0.9 GeV is emitted in the polar angle range between 45 and 135 without restrictions on possible emission of additional photons. The errors are only statistical and correspond to 68% C.L.
We extract the number of light neutrino families N by performing a maximum likelihood t to the number of candidates shown in table 1. We use Poisson probabilities calculated as a function of the expected number of signal plus background events. We compute for each c.m. energy the cross-section corresponding to dierent v alues of N between 2 and 4 and use a straight line t to get a parametrisation of the cross-section dependence on N . W e use an improved Born approximation of the analytical calculation of ref [16] , which agrees with NNGSTR for N =3 better than 1% when a coherent set of input parameters is used. In this approach, we can allow the parameter N to vary while keeping the total width xed.
Following equation (1) (2) where is the decay width of the Z 0 in a neutrino pair with standard model couplings, and M Z , Z , and e are our measured values [4] , for the Z 0 mass, the total width and the electron partial width respectively. The results of the t gives N = 3 : 14 0:24 (stat).
The systematic errors in our analysis come from the determination of the trigger eciency, which gives an uncertainty o f N = 0 : 04, from the luminosity measurement, N = 0:03, the determination of the selection eciency, N = 0 : 02, the background substraction, N = 0:09, and the cosmic ray contamination, N = 0:02. Moreover from the errors on our measurements of the Z 0 parameters M Z , Z , and e , from the top mass variation and the theoretical uncertainty on the parametrisation in equation (2) we estimate a contribution to the systematic error of N = 0:05. Adding all these systematic errors in quadrature, our nal result is N = 3 : 14 0:24(stat) 0:12(sys):
This corresponds to a Z 0 invisible width of inv = 524 40 (stat) 20 (sys) MeV
This improves our previous published result [9]. The corrected cross-section is shown in gure 5 as a function of the c.m. energy along with the expectations from N = 2,3,4 and from our best t.
Conclusions
We performed a direct determination of the number of light neutrino families by measuring the single photon cross-section at seven energies around the Z 0 resonance. With an integrated luminosity of 9.6 pb 1 , w e observed 202 events with photon energies between 0.9 and 3.5 GeV with an expected background of 29.9 events. From a maximum likelihood t, we determine the number of light neutrinos with Standard Model coupling to be N = 3:14 0:24 0:12. The corresponding value for the invisible decay width of the Z 0 into any w eakly interacting particle is inv = 524 40 20 MeV. The L3 Collaboration: Figure 2 Trigger eciency curve as a function of the photon energy. Figure 3 Energy spectrum of the single photons along with the Monte Carlo predictions.
Figure Captions
(eeX means the background from resonances produced via two-photon processes). Figure 4 Corrected single photon cross-sections (45 < < 135 and E > 0:9 G e V) as a function of the c.m. energy, compared with the predictions of ref [16] . 
